Abstract. Both the MER and the Mars Pathfinder rovers operated on Mars in an energy-limited mode, since the solar panels generated power during daylight hours only. At other times the rovers relied on power stored in batteries. In comparison, Radioisotope Power Systems (RPS) offer a power-enabled paradigm, where power can be generated for long mission durations (measured in years), independently from the Sun, and on a continuous basis. A study was performed at P L to assess the feasibility of a small-RPS enabled MER-class rover concept and any associated advantages of its mission on Mars. The rover concept relied on design heritage from MER with two significant changes. First, the solar panels were replaced with two single GPHS module based small-RPSs. Second, the Mossbauer spectroscope was substituted with a laser Raman spectroscope, in order to move towards MEPAG defined astrobiology driven science goals. The highest power requirements were contributed to mobility and telecommunication type operating modes, hence influencing power system sizing. The resulting hybrid power system included two small-RPSs and two batteries. Each small-RPS was assumed to generate 50We of power or 62OWsol of energy (BOL), comparable to that of MER The two 8Ah batteries were considered available during peak power usage. Mission architecture, power trades, science instruments, data, communication, thermal and radiation environments, mobility, mass issues were also addressed. The study demonstrated that a new set of RPS-enabled rover missions could be envisioned for Mars exploration within the next decade, targeting astrobiology oriented science objectives, while powered by 2 to 4 GPHS modules.
INTRODUCTION
Following the great success of the Mars Exploration Rovers (MER), Spirit and Opportunity (NASA, 2004) , NASA continues working on fbture mission concepts in support of the Mars Exploration Program. Next decade potential missions could include rovers to achieve surface mobility, deep drills for subsurface access, in addition to landers and sample return. This section focuses on surface mobility, and describes a point design that demonstrates the feasibility of a MER.-class Mars rover powered by small Radioisotope Power Systems (RPS). Although the power level for this point design is sized to match MER-class rover mission requirements, additional rover designs are identified and scaled to various power levels.
MISSION ARCHITECTURE OVERVIEW
In order to conduct high priority science in line with MEPAG goals the science community needs a mobile platform to perform astrobioiogy, geology and climate experiments at locations not accessible to solar powered rovers. This rover concept extends the capability and longevity of the power source, using small-RPSs, to further increase the science return. For the present astrobiology-oriented mission concept the Mars Exploration Rovers present a suitable starting point, while providing design heritage (Diehl et al., 2004) . Consequently, a significant portion of this mission is based on the original MER mission architecture and hardware configuration.
The launch and arrival characteristics are determined for two launch periods, one that would allow access to maximum northern latitudes and one to maximum southern latitudes. The Iatitudes bridged by the two trajectories would range from 70's to 70°N. A Type I1 trajectory would be used for either latitude regime. The permissible range of latitudes is limited by the launch configuration and not by the power system -RE' S enabled rovers would be operational at any given Martian location. 
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GENERAL ISSUES RELATED TO POWER
This section introduces the various issues associated with power system selection €or Mars missions with a focus on small-RPS systems. It also provides a characterbtion of a small-RPS, and discusses alternate power systems. The actual power system sizing and power requirements for the present Mars rover will be discussed under the rover payload and system section.
Overview of the Power Source Trades
The Mars Exploration Rovers employed solar panels for power generation. The unfolded 1.3mZ GaInP/SaAdGe triple-junction solar panels were capable of generating -140We (electrical)(BOL) peak power for up to 4 hours per sol, depending upon the season. Although solar power generation has many advantages out to 3.5 to 4.5 AU from the Sun, this section discusses the advantages of RPS power on the surface of Mars. Solar insolation varies inversely with the square of distance from the Sun (i.e., R"). Thus, the solar flux at Mars (-1.5AU) is only about 43% ofthat at Earth (Balint, 2003 and maintaining them at a constant 0°C helps preserve battery performance, and extend battery life. This characteristic advantage of RPSs is beneficial not only in Polar Regions, but at any given location on Mars. In comparison, solar powered systems rely on batteries to heat components overnight using high-powered resistance heating. It impacts the lifetime of the batteries, use up valuable resources and may result in an oversized power system, dnven by system survivability requirements. Power system sizing is further discuss4 later in this paper.
General Characteristics of a Small-LIPS
The power source for this rover study consists of two individual small-RPSs, each configured with a single GPHS module. There are 4 plutonium dioxide fuel pellets in each module. The total fuel and GPHS module masses are 0.5kg and 1.445kg respectively. The thermal power output for each module is -250Wt (thermal) at BOL. This heat output decreases exponentially, (approximated at a rate of -0.79% per year) due to radioactive decay of the plutonium fuel. (Surampudi, 2001) Figure 5. Conceptual small RPS using a single GPHS module The heat generated through the decay process is converted into electric power using thermoelectric (TE) conversion. The selection of materials used for TE conversion varies, depending on the operating environment. For use in the Martian atmosphere, PbTe TAGS couples are proposed. There is a -0.8% loss associated with TEs per year, resulting in a total pwer system degradation of -1.6% per year. Carpenter, 2004) . Beside static conversion technologies, dynamic power conversion could also be considered. A Stirling system would require less plutonium, while achieving higher power conversion efficiencies. This technology, however, has not been tested in a space environment; thus its acceleration load tolerance and lifetime must be demonstrated before use in fbture space missions.
PAYLOAD AND SYSTEMS DESCRIPTION OF THE MARS ROVER
This section describes the science instruments for the Mars rover and the supporting key systems such as the data and telecom systems, the thermal system and the power system. A summary of the mass breakdown is also provided.
Science Instruments
The present rover design is based on the initial MER configuration (NASA, 2004) to provide design heritage, but it incorporates two significant changes. The solar panels are replaced with two enabling small-RPSs, and the Mossbauer spectroscope is replaced with a laser Raman spectroscope to meet the astrobiology-driven science goals.
The instruments on the rover are categorized into to two groups: remote sensing and contact instruments. Remote sensing instruments are located on a mast placed on the top of the rover (not shown). Contact instruments are positioned on a robotic arm as shown in Figure 6 .
Remote sensing instruments are configured identically to those on MER, and include a Mini-Thermal Emission Spectrometer (Mini-TES) and a Panoramic Camera (Pan Cam). Mini-TES takes measurements of emitted thermal infrared radiation. It is used to characterize mineralogy of rocks and soil, and to determine thermo-physical properties of selected soil patches. Beside surface measurements, it is directed to determine temperature profile, dustiwater-ice opacity, and water vapor abundance in the lower atmospheric boundary layer. The collected data helps to understand the climate and geology of Mars (MEPAG Goals 2 and 3). The Pan Cam is used to generate 360" panoramas and multi-spectral images of the surface. This high-resolution stereoscopic imaging camera complements the rover's navigation cameras and aids in characterizing the geomorphology of the surface through the generation of terrain maps, slope maps and ranging. The Pan Cam works in conjunction with the Mini-TES to describe the Martian environment, thus providing a foundation for subsequent human missions (MEPAG Goals 3 & 4).
Contact measurements are performed with instruments positioned on the robotic arm. These instruments include a contact microscopic imager, an Alpha Particle X-ray Spectrometer (APXS), and a Mars Microbeam Raman Spectrometer (MMRS). These instruments are supported by a Rock Abrasion Tool (RAT). The microscopic imager is the combination of a microscope and a camera, and is designed to measure fine scale morphology, texture and reflectance of natural surfaces. This contributes to the petrologic and geologic interpretation of rocks and soil in support of MEPAG Goal 3. Small-scale imaging may help identify tiny veins of minerals, which potentially contain microfossils (MEPAG Goal 1). It also provides context imaging for collaborating measurements with other contact and remote sensing data. The MMRS performs mineral characterization and assists in the detection of water, organic and inorganic forms of carbon (MEPAG Goal I ) . Figure 8 shows the position of the two RPSs at the back of the rover.
Figure 8. View of the rover wheels and the EWSs
On solar powered rovers, high load activities are performed around Martian noon to maximize the use of the peak solar flux. Since the peak power from the two RPSs would be lower than that of the solar variant, a hybrid power system is considered. This system would combine two small-RPSs and two 8Ah 28V Li Ion batteries to obtain MER type capability. The total energy stored in the fully charged secondary batteries is 448Wh.
The power system is sized by assessing the power requirements for typical activity days, based on instrumentation, operating procedures and assumed measurement sequences. The power requirements for the rover's instruments are given in Table 1 . Additional systems that require power include command and data handling, power distribution, attitude determination and control (for mobility), and telecommunications.
Five distinct activity modes are identified for the power analysis, with each representing a single activity day. The panorama d e defines the use of the panoramic camera (-1 1Wh) . The Mini-TES mode represents the use of the Mini-Thermal Emission Spectrometer (-4OWh). Three dnve modes are considered. During simple drive (low impact) the terrain is characterized by low hazard levels and low rock abundance {-85Wh). During complex drive the terrain has large rocks, deep sand or steeper hills drawing higher power than simple drive (-125Wh). Approach drive precedes the use of contact instruments and is characterized by slow motion over short (<lorn) distances while drawing -1OOWh of energy. Contact measurement activities with the microscope or Raman use -40Wh. When using the RAT, the energy requirement for this mode of operation increases to -55Wh. The last activity is defined as a charge day, which usually follows a high-energy activity day to recharge the depletsd secondary batteries. In addition to the energy requirements for any of these activity days, a housekeeping overhead and two 80Wh telecom loads are also added. Detailed analysis of the activities indicated that the highest power usage occurs during complex drive days, and the highest operating modes are mobility and telecom. For these operations, batteries complement RPS power. Assuming 1 hour of intense drive and two one hour telecom windows, the battery charge ends in a power negative mode, which means that the charge level at the end of sol is below that at start. This can be resolved by following on with a charge day. Continuous driving represents the bounding case for traversing, when the system uses all of the RPS generated power and simultaneously draws power from the batteries. Driving can be made more efficient by either increasing the battery size (impacting rover mass and size) or by changing from continuous drive to stop-and-go operation, where after a short drive the rover would stop, charge back the batteries and then go again.
In summary, the power analysis indicates that two GPHS modules would provide enough power and energy to enable a MER-class rover design, with a similar instrument complement and power profile.
Rover Mass Summary
The rover mass is calculated at I Xlkg, but the launch mass differs depending on the landing approach. For an airbag landing, the launch mass i s 1070kg and the final landed mass (rover, landing platform and airbags) is 410kg. Using a powered lander the launch mass is 1620kg, and the landed mass is 700kg. The higher landed mass is attributed to the powered descent stage. A breakdown of the rover's mass allocation is shown in Table 2 , detailing both the instrument mass and the support system mass allocation. The rover carries 9.5kg of science instrument payload. The support system includes components for telecommunication, attitude control system, thermal management, power, mechanical and avionics systems. Telecom covers electronics and antennas. The thermal system accounts for the heat rejection system (radiations), thermal valves, pipes and pumps. The power system includes the small RPSs (12kg), batteries (7.5kg) and power electronics. Avionics accounts for electronics and interface boards to the various systems and sub-systems. The largest mass is assigned to the mechanical components, including the rover's body (with thermal insulation), the drive mechanisms, drive train, and wheels. The dimensions, instrumentation and total mass of this rover concept are comparable to that of MER. 
Radiation Environment
Electronic components are affected by radiation and can tolerate ionizing radiation doses only up to a certain limit.
Space based instruments counteract the damaging effect4 by using radiation hardend components. Today's state-ofthe-art radiation hardened electronics can tolerate doses up to 300-500kRad and there are discussions about increasing this tolerance in the near fume to as high as 1-d. For RPS enabled missions, ionizi radiation is attributed to natural (wsmic) radiation sources and to radiation from radioisotope decay of the Pu'fuel. Decay radiation primarily consists of alpha particles, which are essentially helium nuclei. These high mass particles can be blocked easily even with a sheet of paper. However, a small amount of secondary radiation is also present in the form of gamma and neutron flux. Neutron shielding is not effective with the available rover wall thicknesses. Hence it is necessary to address the impact of the above-mentioned ionizing radiation environment on the mission hardware.
The two small-RPSs used in the present design would be installed at the back of the rover. Two con-figurations are considered -sideby-side and back-&back (see Figure 10) . The radiation environment was scaled from preliminary data for a single GPHS module (Jun, 2003) , and presented in Figure 10 for both studied configurations. The calculated total ionizing dose (TID) radiation levels are based on a generic mission with a conservative 1-year cruise phase and 3 years of surface operation. it is found that the radiation dose for the back-to-back configuration would be marginally higher. For this case, natural radiation accounts for -1.43kRad during cruise, and -0.52kRad on the surface, whereas with the radiation from the RPSs added, the maximum would be -16kRad. Due to distance and radiation shielding by the structure, the internal radiation dose within the rover would be -2kRd. The results are similar for a side-by-side configuration, were the maximum radiation dose would be -14.5kRad.
As a result, it is concluded that radiation would not present any diffmlties for MER-type instruments designed to tolerate at least 15OkRad (i.e., 300kRad with a Radiation Design Factor of 2).
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